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1
METHOD AND KIT FOR SEPARATING
METAL AND SEMICONDUCTOR CARBON
NANOTUBES

RELATED APPLICATIONS

This application is a U.S. National Phase of International
Application No. PCT/EP2010/051510, filed Feb. 8, 2010,
designating the U.S., and published in French as WO 2010/
089395 on Aug. 12, 2011 which claims the benefit of French
Patent Application No. 09 50757 filed Feb. 6, 2009.

TECHNICAL FIELD

The present invention belongs to the field of nanotechnolo-
gies and, notably to the field of nano-objects such as carbon
nanotubes and, in particular SWNT carbon nanotubes.

The present invention aims at providing a method with
which it is possible to separate selectively and specifically,
metal SWNT carbon nanotubes and semiconductor SWNT
carbon nanotubes. The method according to the invention is
based on the reaction of the SWNT nanotubes with a diazo-
nium salt derivative.

The present invention also proposes a kit for applying such
a method.

BACKGROUND

Nanomaterials and notably carbon nanotubes are presently
causing a particular fascination because of their original and
exacerbated properties as compared with conventional mate-
rials. Carbon nanotubes notably form a novel promising
material for organic electronics.

First of all, let us recall that a carbon nanotube is defined as
a concentric winding of one or more graphene layers (carbon
hexagonal nets). The term “Single Wall NanoTube” (SWNT)
is used when a single layer of graphene is used and “Multi
Wall NanoTube” (MWNT) is used in the case of several
graphene layers. Due to their unique structure and their
dimensions characterized by a high length/diameter ratio,
nanotubes have exceptional mechanical, electrical and ther-
mal properties.

In particular, depending on the concentric winding of the
graphene layer making them up, SWNTs may either be metal,
i.e. conductive with an electric resistance as low as 1 to 2 k€2
for a diameter of 1 to 2 nm, or semiconducting with an gap
gradually increasing as the diameter decreases (typically
from 0.5 to 1.2 eV). Significant scientific literature has dem-
onstrated the benefit of SWNTs, because of their high con-
ductivity and their metal or semiconductor nature, in elec-
tronic applications in field effect transistors, in high
frequency devices, in variable resistors, as pixels, as a chemi-
cal detector in a liquid or gas phase, etc.

However, these studies emphasize on the difficulties due to
the fact that metal SWNTs (m-SWNTs) and semiconductor
SWNTs (sc-SMWTs) are generally synthesized simulta-
neously in aratio close to 1:2 and this regardless of the applied
synthesis method for the SWNTs. Even if a few examples are
found showing that it is possible to synthesize specific nano-
tubes with good selectivity, the authors deplore the fact that
the window of associated experimental parameters is very
narrow (Marquardt et al. 2008 [1]). Thus, applications mainly
using the high conductance of m-SWNTs are hindered by the
low and unstable conductance of sc-SWNTs present in the
mixture. Also, applications using the semi-conductor gap of
sc-SWNTs are hampered by short circuits produced by the
m-SWNTs. A certain number of studies were focused on the
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separation or the enrichment of SWNTs according to the
diameter or the chirality in order to obtain samples enriched in
m-SWNTs or in sc-SWNTs.

The first and the most efficient up to now of these methods
is a differentiation method based on density. In this technique,
the SWNTs are dissolved in water by using one or more
surfactants. The surfactants surround the SWNTs, the surfac-
tant-SWNT association being selective depending on their
metal or semiconductor type. Surfactant-SWNT complexes
have different densities and may be separated by ultracen-
trifugation on a density gradient (Arnold et al., 2006 [2]). As
ultracentrifugations are carried out on limited volumes, the
purified amounts are inevitably limited but samples may be
obtained with a good degree of purity.

Similarly, the difference in the association with surfactants
may be used for obtaining a difference in the overall charge of
the SWNTs. International application WO 2003/084869 [3]
describes a separation method based on different protonation
of'the SWNTs surrounded by surfactants, in solution, accord-
ing to their chirality (n,m). Ata given pH, a voltage is applied
in order to attract the charged nanotubes towards the electrode
and a fraction is collected. The method is repeated at different
pHs allowing collection of fractions enriched with different
chiralities (n,m).

Also, the DNA may be used as a polymeric surfactant for
solubilization of SWNTs, and oligomers with different
sequence and length have been used for separating SWNTs.
The SWNT-DNA addition products may then be separated by
iron exchange chromatography, the first fractions being
enriched with metal SWNTs of small diameter and the last
fractions in semiconductor SWNTs, of a large diameter.
Patent application US 2006/0223068 [4] relates to SWNT-
DNA hybrids and more particularly to the solubilization of
SWNTs by surrounding them with DNA. DNA surrounds the
SWNTs in order to form a rather unstable soluble hybrid.
International application WO 2004/048256 [5] proposes a
method for separating m-SWNTs and sc-SWNTs based on
their solubilization by using short single strand DNA mol-
ecules. Once they are solubilized according to this method,
the small diameter SWNTs may be separated by using stan-
dard chromatography, electrophoresis, iron exchange chro-
matography or two-phase systems.

Complexation may be used in a simpler way and this by
solubilizing a portion of the SWNTs in a poor solvent. Indeed,
SWNTs are insoluble in water and in most of the organic
solvents. Ligands selected for their selectivity towards the
chirality or the diameter of the SWNTs such as porphyrin,
which is a specific ligand of sc-SWNTs may be used for
surrounding them and solubilizing them. International appli-
cation WO 2006/013788 [6] describes a method for separat-
ing m-SWNTs and sc-SWNTs based on their different solu-
bility in amines.

The m-SWNTs and sc-SWNTs may also be separated
according to their electromagnetic properties. The difference
in the polarizability of m-SWNTs and of sc-SWNTs has
already been utilized for separating them. Indeed, the dielec-
trophoretic attractive force applied by a high-frequency AC
electric field on m-SWNTs is greater than that of sc-SWNTs.
International application WO 2005/030640 [7] describes a
separation method based on the difference in polarizability
and based on optical trapping for the separation. The SWNTs
are trapped by a focused laser beam and may be displaced in
a microfluidic system from one channel to the other by dis-
placing the laser beam. The SWNTs of different chiralities are
trapped at different wavelengths of the laser, so that the
SWNTs may be displaced according to their chirality.
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Mention may further be made of methods for separating
m-SWNTs and sc-SWNTs based on their capability of giving
electrons, itself related to their conductivity or to their differ-
ence in magnetic moment.

Other separation methods are based on the different chemi-
cal reactivity of metal SWNTs vs. Semiconductors SWNTS
or large SWNTs vs. small SWMTs.

A first selective and simple treatment is oxidation of
m-SWNTs of small diameter under aggressive conditions.
International application WO 2005/041227 [8] proposes a
method based on the application of a voltage on SWNTs
deposited on a substrate in order to protect a type of SWNT,
the non-protected type either being burned or chemically
destroyed, for example by treatment with a strong acid. Selec-
tive oxidation of SWNTs has also been described with elec-
trophilic compounds such as nitronium NO, ™" ions, the attack
of which functionalizes the large diameter sc-SWNTs and
destroys the m-SWNT's of small diameter. Patent application
US 2005/0255031 [9] is based on selective oxidation with
nitronium ions. Less aggressive oxidation conditions cause
preferential functionalization of m-SWNTs.

On the other hand, powerful reducing agents such as alka-
line metals preferentially affect small diameter m-SWNTs.
Reduction of SWNTs may be followed by alkylation with a
view to separation.

Further, the inorganic functionalization of SWNTs gener-
ally involving the reduction of a salt at the surface of the
SWNTs was also used for separating SWNTs. Patent appli-
cation US 2007/0258880 [10] describes a method for sepa-
rating m-SWNTs and sc-SWNTs based on photochemical
reduction of a metal salt at the surface of the SWNTs in
solution. The photochemical reaction is selectively induced
ona SWNT type by irradiation of the solution at their absorp-
tion wavelength. SWNTs coated with metal may be separated
from the solution under the action of a magnetic field.

The formation of covalent bonds at the surface of SWNTs
usually has some selectivity of m-SWNT vs. sc-SWNT. 1,3
dipolar addition on the double bonds of SWNT's was recently
used for selective functionalization of sc-SWNTs and their
selective solubilization (Article of Menard-Moyon et al, 2006
[11]). On the contrary, addition of diazonium is selective for
m-SWNTs. Thus, patent application JP 2007 031238 [12]
describes a method for separating sc-SWNTs from
m-SWNTs by derivatization by using a diazonium salt which
preferentially derivatizes m-SWNTs. Metal nanoparticles are
then coupled with aryl entities and the nanoparticles are
removed. The solution of the remaining non-coupled SWNTs
is enriched in sc-SWNTs and used for making thin film tran-
sistors.

Further, international application WO 2004/043857 [13]
proposes a method for separating m-SWNTs and sc-SWNTs
using a terminal bond to a polymer. The polymer promotes
solubility in solution and the bond between the polymers and
the SWNTs may be selectively broken by a heat treatment
repeated at increasing temperatures. The SWNTs without a
bound polymer are separated by filtration.

It should be emphasized that the separation of SWNTs
according to their metal or semiconductor type seems to be
easier to control than for small diameter SWNTs, i.e. for
diameters of less than 1 nm (CoMoCat or HiPco SWNTs).
Indeed, small diameter SWNTs show generally greater
chemical reactivity, due to the strong curvature of the wound
graphene sheet which induces a voltage on the C—C bonds.
These samples also contain a more restricted number of dif-
ferent chiralities, giving the possibility of purifying a single
chirality. Unfortunately, electronic devices are difficult to
obtain from small diameter SWNTs. Further, devices based
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on sc-SWNT's can only be made at a large scale if the fraction
based on sc-SWNTs are of sufficiently high purity in order to
avoid short circuits of the m-SWNTs.

In the case of the present methods with partial separation,
the separation step has to be repeated several times in order to
attain a high level of purity, which considerably increases the
purification cost. Therefore, novel improved and cost-effec-
tive separation methods are still required.

DESCRIPTION OF CERTAIN INVENTIVE
ASPECTS

The object of the present invention is to propose a func-
tional method which inter alia meets the needs indicated
above and which solves the technical problems of the meth-
ods of the prior art. The object of the present invention there-
fore relates to a method with which semiconductor SWNTs
and metal SWNTs may be selectively and specifically sepa-
rated and this regardless of their size.

Indeed, the work of the Applicant has allowed a method to
be identified with which selective and specific separation of
semiconductor SWNTs and metal SWNTs may be achieved.

The reaction of aryl diazonium (N,*—CH,—R) on
SWNTs, already described in patent application JP2007
031238 [12] allows selective functionalization of metal
SWNTs.

However, the reaction of aryl diazoniums with SWNTs is
selective towards m-SWNTs but is not specific. For example,
FIG. 1 shows the time-dependent change of absorption spec-
traof SWNTs with diameters from 1.2 to 1.4 nm reacting with
bromobenzenediazonium tetrafluoroborate (BrBDT) of for-
mula N,*—CH,—Br, BF,™. The metal and semiconductor
absorption peaks may be viewed respectively at 600-700 nm
and at 900-1,000 nm, the successive spectra overlap. It may
be noted that the peak of the m-SWNTs decreases more
rapidly than the peak of sc-SWNTs, but the functionalization
of m-SWNTs is not exclusively possible. The m-SWNT vs.
sc-SWNT selectivity, herein defined as the ratio of the reac-
tion rate of m-SWNTs vs. that of sc-SWNTs, extends from 2
to 4 depending on the substituent of the aryl diazonium (the
selectivity is 3 in FIG. 1) but depends neither on the diazo-
nium concentration nor on the SWNT concentration.

With their investigations, the Applicant has shown that by
not using a diazonium salt but using a derivative of a diazo-
nium salt, the selectivity may pass from a factor comprised
between 2 and 4 to a factor comprised between 6.4 and 15
(data of Table 1 hereinafter). The fact that the improvement of
the selectivity and therefore of the specificity is mainly due to
the use of a diazonium salt derivative was confirmed experi-
mentally.

The present invention therefore relates to a method for
separating metal carbon nanotubes with a single graphene
layer (m-SWNTs) and semiconductor nanotubes with a
single graphene layer (sc-SWNTs) comprising a step consist-
ing of reacting a diazonium salt derivative on a mixture of
m-SWNTs and of sc-SWNTs. Advantageously, said step con-
sists of reacting by radical chemical grafting, a diazonium salt
derivative on a mixture of m-SWNTs and of sc-SWNTs.

The present invention relates to a method for separating
metal carbon nanotubes with a single graphene layer
(m-SWNT) and semiconductor nanotubes with a single
graphene layer (sc-SWNT) comprising a step for grafting a
diazonium salt derivative on a mixture of m-SWNTs and of
sc-SWNTs so as to obtain a mixture of grafted m-SWNTs and
of'non-grafted sc-SWNTs, by the means of which the grafted
m-SWNTs and the non-grafted sc-SWNTs separate because
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of differential chemical and/or physical properties caused by
said grafting. Advantageously, the applied grafting is radical
chemical grafting.

By “separation method”, is meant within the scope of the
present invention, both a physical separation method and a
method allowing m-SWNTs to be distinguished from sc-
SWNTs in a same mixture. This separation is based on the
differential chemical and/or physical properties between the
selectively and specifically grafted m-SWNTs and the non-
grafted sc-SWNTs. Examples of such properties will be given
hereinafter.

The present invention applies to nanotubes with a single
graphene layer (SWNT). One skilled in the art is aware of
different techniques allowing preparation of such carbon
nanotubes. As examples, mention may be made of physical
methods based on the sublimation of carbon such as an elec-
tric arc, laser ablation methods or using a solar oven. These
methods are described and explained from line 4, page 2 to
line 25, page 3 in the international application WO 03/084869
[3].

Advantageously, the nanotubes applied within the scope of
the prevent invention are carbon nanotubes with a single
graphene layer having a length comprised between 10 nm and
400 pum, notably between 20 nm and 200 um, in particular
between 50 nm and 100 pm and most particularly between
100 nm and 80 pm and a diameter comprised between 0.2 and
6 nm, notably between 0.6 and 4 nm and in particular between
1 and 2 nm.

By “diazonium salt derivative”, is meant within the scope
of the present invention a product obtained by reaction of a
diazonium salt with a compound C selected from the group
consisting of an organic acid, a sulfoxide, an alcohol and one
of their salts. Indeed, the organic acid, the sulfoxide or the
alcohol may appear as salts.

Advantageously, said organic acid is selected from the
group consisting of a carboxylic acid, a phosphonic acid, a
sulfonic acid.

By “carboxylic acid” is meant within the scope of the
present invention, a compound of formula R,—COOH
wherein R, represents a hydrocarbon group from 1 to 20
carbon atoms such as an alkyl group, an alkenyl group, an
alkoxy group, an aryl group, an aryloxy group or a carboxylic
group.

By “phosphonic acid” is meant within the scope of the
present invention, a compound of formula R,—PO(—OH),
wherein R, represents a hydrocarbon group from 1 to 20
carbon atoms such as an alkyl group, an alkenyl group, an
alkoxy group, an aryl group or an aryloxy group.

By “sulfonic acid” is meant within the scope of the present
invention, a compound of formula R;—S(—0),0H wherein
R, represents a hydrocarbon group from 1 to 20 carbon atoms
such as an alkyl group, an alkenyl group, an alkoxy group, an
aryl group or an aryloxy group.

By “sulfoxide” is meant within the scope of the present
invention, a compound of formula R,(R5)S—O wherein R,
and R, represent independently of each other, a hydrocarbon
group from 1 to 20 carbon atoms such as an alkyl group, an
alkenyl group, an alkoxy group, an aryl group or an aryloxy
group.

By “alcohol” is meant within the scope of the present
invention, a compound of formula (R,R¢R,) C—OH wherein
R,, Rg, and R, independently represent an alkyl group or a
hydrogen.

By “alkyl group” is meant within the scope of the present
invention, a linear, branched or cyclic alkyl group, optionally
substituted, with from 1 to 20 carbon atoms, notably from 1 to
15 carbon atoms, and in particular from 1 to 10 carbon atoms.
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By “alkenyl group” is meant, within the scope of the
present invention, a linear, branched or cyclic alkenyl group,
optionally substituted, with from 2 to 20 carbon atoms, nota-
bly from 2 to 15 carbon atoms and in particular from 2 to 10
carbon atoms.

By “alkoxy group”, is meant, within the scope of the
present invention, an oxygen atom substituted with an alkyl as
defined earlier.

By “aryl group” is meant within the scope of the present
invention, an aromatic or heteroaromatic, mono- or poly-
cyclic group, optionally substituted, having from 6 to 20
carbon atoms, notably from 6 to 14 carbon atoms, in particu-
lar, from 6 to 8 carbon atoms. The heteroatom(s) which may
be present in the aryl group is (are) advantageously selected
from the group consisting of N, O, P or S. In the case of a
polycyclic aromatic or heteroaromatic group, each ring may
comprise from 3 to 8 carbon atoms.

By “aryloxy group” is meant, within the scope of the
present invention, an oxygen atom substituted with an aryl as
defined earlier.

By “carboxylic group”, is meant within the scope of the
present invention, a group of formula —COOH.

By “optionally substituted” is meant, within the scope of
the present invention, a radical substituted with one or more
groups selected from a group containing one or more heteroa-
toms, such as N, O, F, Cl, P, Si, Br or S; an alkyl group; an
alkoxy group; a halogen; a hydroxy; a cyano; a trifluorom-
ethyl; a carboxylic group or a nitro group.

By “halogen” is meant, within the scope of the present
invention, a fluorine, chlorine, bromine, or iodine atom.

Any diazonium salt known to one skilled in the art may be
used for preparing the diazonium salt derivative implemented
in the method according to the present invention.

Advantageously, the diazonium salt is an aryl diazonium
salt and notably an aryl diazonium salt of formula (I):

Re—N,* A~ D

wherein:

A represents a monovalent anion and

R, represents an aryl group as defined earlier.

Within the aryl diazonium salts and notably the compounds
of formula (I) above, Ry is preferably selected from aryl
groups substituted with electron attractor groups such as
NO,, COH, ketones, CN, CO,H, NH, (as NH;"), esters and
halogens. The more preferred groups R of the aryl type are
nitrophenyl, benzoic acid, methylbenzoic and bromophenyl
groups.

Within the compounds of formula (I) above, A may notably
be selected from inorganic anions such as halides like I, Br~
and CI7, halogenoborates such as tetrafluoroborate, perchlo-
rates and sulfonates and organic anions such as alcoholates,
carboxylates.

As compounds of formula (I), it is particularly advanta-
geous to use a compound selected from the group formed by
methoxybenzenediazonium tetrafluoroborate, phenyldiazo-
nium tetrafluoroborate, 4-nitrophenyldiazonium tetrafluo-
roborate,  4-bromo-phenyldiazonium tetrafluoroborate,
4-aminophenyl-diazonium chloride, 2-methyl-4-chlorophe-
nyldiazonium chloride, 4-benzoylbenzenediazonium tet-
rafluoroborate, 4-cyanophenyldiazonium tetrafluoroborate,
4-carboxy-phenyldiazonium tetrafluoroborate, 4-acetami-
dophenyl-diazonium tetrafluoroborate, diazonium 4-pheny-
lacetic acid tetrafluoroborate, 2-methyl-4-[(2-methylphe-
nyl)-diazenyl|benzenediazonium sulfate, 9,10-dioxo-9,10-
dihydro-1-anthracenediazonium chloride, 4-nitro-
naphthalenediazonium tetrafluoroborate and naphthalene-
diazonium tetrafluoroborate.
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The preparation of the diazonium salt derivative used
within the scope of the present invention is advantageously
accomplished before applying the method according to the
invention.

As an example of such a technique, mention may be made
of the method comprising the following steps consisting of:

1) dissolving the diazonium salt as defined earlier in order
to form a solution S,;

ii) putting the solution S, into contact with a compound C
as defined earlier;

iii) putting the mixture obtained in step (ii) under condi-
tions allowing the formation of a diazonium salt derivative
and thereby obtaining a solution S, .

Advantageously, the solution S, comprises, as a solvent, a
polar solvent, preferably the latter will be a protic solvent.

By “polar solvent”, is meant, within the scope of the
present invention, a solvent which has a large dielectric con-
stant, generally the latter is greater than 7 and preferably
greater than 15.

By “protic solvent”, is meant, within the scope of the
present invention, a solvent which includes at least one hydro-
gen atom which may be released as a proton.

The protic solvent is advantageously selected from the
group consisting of acidified or basic water, acidified or basic
deionized water, acidified or basic distilled water, acetic acid,
hydroxylated solvents such as methanol and ethanol, liquid
glycols of low molecular weight such as ethylene glycol, and
mixtures thereof. In a first alternative, the protic solvent used
within the scope of present invention is only formed by a
protic solvent or by a mixture of different protic solvents. In
another alternative, the protic solvent or the mixture of protic
solvents may be used as a mixture with at least one aprotic
solvent, it being understood that the resulting mixture has the
characteristics of a protic solvent. Preferably, distilled and/or
deionized water is the preferred protic solvent.

By “aprotic solvent”, is meant, within the scope of the
present invention, a solvent which is not considered as protic.
Such solvents are not able to release a proton or to accept one
under non-extreme conditions.

The aprotic solvent is advantageously selected from dim-
ethylformamide (DMF), acetone, acetonitrile and dimethyl
sulfoxide (DMSO). According to a particular embodiment,
the solvent may correspond to an organic acid, a sulfoxide or
an alcohol as defined earlier.

An alternative step (i) consists of preparing the diazonium
salt in situ. Indeed, a diazonium salt may be prepared from a
precursor of said diazonium salt. By “diazonium salt precur-
sor”, it should be understood a molecule separated from the
diazonium salt by a single and easy-to-apply operating step.
Thus, as a precursor, an arylamine may be used, which may
include several amine substituents which give an aryl diazo-
nium salt by reaction with NaNO, in an acid medium. For a
detailed discussion of the experimental methods which may
be used for such a preparation in situ, one skilled in the art
may refer to the open literature (Lyskawa and Belanger, 2006
[14]).

During step (ii), the compound C is typically added in
excess relatively to the diazonium salt. By “excess”, is meant,
within the scope of the present invention, a concentration of
compound C which is 50 times, notably 20 times, in particular
10 times and more particularly 5 times greater than the con-
centration of the diazonium salt in the solution S,

The conditions allowing the formation of a diazonium salt
derivative from a diazonium salt and from a compound C,
generally correspond to simply putting the reaction partners
in presence in the reaction medium. It is preferable to use an
excess of compound C.
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When a diazonium salt R—CH,—N," is added to an
organic acid or to its salt, like acetic acid CH,—COOH, it
seems that the diazonium salt reacts with the acid in order to
form a compound of the ester type such as R—C ,H,—N,—
O—CO—CHj; in the case of acetic acid. Such esters have
been discovered and studied for 40 years as intermediates in
the decomposition of nitrosoacetanilides (Gomberg and
Bachmann, 1924 [15]). The formation of the diazonium ester
is discovered via the stabilization of the diazonium reagent.
Indeed, diazonium salts rapidly decompose in aqueous solu-
tions, forming an orange precipitate. On the contrary, solu-
tions of diazonium salts in the presence of an excess of acid
compounds such as acetic acid are colorless or yellow and
remain transparent and stable for several days.

Close mechanisms may be contemplated for alcohols and
sulfoxides in order to lead to ethers. However, to this day,
there still exist uncertainties on the exact structure of the
diazonium salt derivatives which are formed from diazonium
salts and from sulfoxides or alcohols.

The preferred sulfoxides are those for which R, and R are
alkyl groups, either identical or different.

In the case of alcohols, it is preferable to use primary
alcohols. Advantageously, these are alcohols having a non-
branched, preferably non-substituted, alkyl chain.

The reaction temperature is generally less than 50° C., in
particular less than 40° C. and, more particularly less than 30°
C. Advantageously, the temperature during step (iii) is room
temperature. By “room temperature”, is meant a temperature
of20° C.+5° C.

Step (iii) depending on the applied conditions and notably
proportionally to temperature, lasts for 1 min to 1 h, notably
from 4 min to 30 min and in particular from 6 min to 15 min.

Advantageously, the preparation of the diazonium salt
derivative is carried out in an acid medium.

By “in an acid medium”, is meant, within the scope of the
present invention, in the presence of an inorganic acid, nota-
bly selected from the group consisting of hydrochloric acid,
sulfuric acid, nitric acid and hydrofluoric acid, in an amount
comprised between 10~* and 1 M, advantageously between
10~% and 0.6 M and in particular, between 1072 and 0.4 M.

The reaction of the diazonium salt derivative on carbon
nanotubes (m-SWNT and sc-SWNTs) according to the
present invention applies radical chemical grafting. More
particularly, this step consists of subjecting, in the presence of
carbon nanotubes (m-SWNTs and sc-SWNTs), the diazo-
nium salt derivative to non-electrochemical conditions allow-
ing the formation of at least one radical entity from said
derivative. The formation of this radical entity is accom-
plished in the absence of application of any electric voltage at
the nanotubes or in the reaction medium.

The term of “radical chemical grafting” notably refers to
the use of molecular entities derived from the diazonium salt
derivative, having a non-paired electron, or capable of pro-
ducing them, in order to form bonds of the covalent bond type
with the surface of the nanotubes.

The grafting step implements a solution S, which com-
prises the carbon nanotubes and the diazonium salt derivative
(also called “reaction medium” herein). This solution S, com-
prises as a solvent, a polar solvent, preferably a protic solvent
as defined earlier.

The non-electrochemical conditions allow the formation of
atleast one radical entity from the diazonium salt derivative in
the grafting step of the method of the present invention, are
conditions which allow the formation of radical entities from
the diazonium salt derivative.

These conditions involve parameters such as for example
temperature, nature of the solvent, presence of a particular
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additive, stirring, pressure when the electric current is not
involved during the formation of the radical entities. Condi-
tions which allow formation of radical entities are numerous
and this type of reaction is known and investigated in detail in
the prior art.

Thus for example it is possible to act on the thermal,
kinetic, chemical, photochemical or radiochemical environ-
ment of the diazonium salt derivative in order to destabilize it
s0 as to form a radical entity. Of course, it is possible to act on
several of these parameters simultaneously.

Within the scope of the present invention, the non-electro-
chemical conditions allowing the formation of radical entities
during the grafting step according to the invention are typi-
cally selected from the group consisting of thermal, kinetic,
chemical, photochemical, radiochemical conditions and
combinations thereof. Advantageously, the conditions
applied within the scope of the grafting step of the method
according to the present invention are kinetic conditions.

The thermal environment depends on temperature. It is
easy to control it with heating means customarily used by one
skilled in the art. The use of a thermostatic environment has a
particular advantage since it allows specific control of the
reaction conditions.

The kinetic environment essentially corresponds to the
stirring of the system and to the frictional forces. Here, this is
not the stirring of the molecules per se (elongation of bonds,
etc), but the overall movement of the molecules. The appli-
cation of a pressure or the stirring of the reaction medium
notably gives the possibility of providing energy to the system
so that the diazonium salt derivative is destabilized and may
form radical reactive species.

Thus, during said grafting step, the solution S, is subject to
mechanical stirring and/or to a treatment with ultrasound. In
a first alternative, the suspension applied during the grafting
step is subject to a high speed of rotation by means of a
magnetic stirrer and/or a magnetized bar and this for a dura-
tion comprised between 5 min and 10 h of stirring, notably
comprised between 10 min and 5 h and, in particular between
15 minand 4 h. In a second alternative, the suspension applied
during the grafting step is subject to a treatment with ultra-
sound notably by using an ultrasonic tank, typically with an
absorption power of 500 W and at a frequency of 25 or 45 kHz
and this, for a duration comprised between 5 min and 10 h of
stirring, notably comprised between 15 min and 8 h and, in
particular between 30 min and 5 h.

Finally, the action of various radiations such as electro-
magnetic radiations, y radiations, UV rays, electron or ion
beams may also sufficiently destabilize the diazonium salt
derivative so that it forms radicals. The selection of a suitable
wavelength depending on the diazonium salt derivative used
is within the skills of one skilled in the art.

Within the scope of chemical conditions, one or more
chemical initiators are used in the reaction medium. The
presence of chemical initiators is often coupled with non-
chemical environmental conditions as discussed above. Typi-
cally, a chemical initiator, the stability of which is less than
that of the diazonium salt derivative under selected environ-
mental conditions, will change over time into an unstable
form which will act on the diazonium salt derivative and will
generate the formation of radical entities from the latter. It is
also possible to use chemical initiators, the action of which is
not essentially related to the environmental conditions and
which may act over wide ranges of thermal or further kinetic
conditions. The initiator will preferably be adapted to the
environment of the reaction, for example to the solvent used.
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There exist many chemical initiators. Generally three types
are distinguished depending on the environmental conditions
used:

thermal initiators, the most common of which are perox-

ides or azoic compounds. Under the action of heat, these
compounds dissociate into free radicals. In this case, the
reaction is carried out at a minimum temperature corre-
sponding to that required for forming radicals from the
initiator. This type of chemical initiators is generally
specifically used within a certain temperature interval,
depending on the decomposition kinetics;

the photochemical or radiochemical initiators which are

excited by radiation triggered by irradiation (most often
by UVs, but also by y radiations or electron beams) allow
the production of radicals by more or less complex
mechanisms. Bu,SnH and I, belong to the photochemi-
cal or radiochemical initiators;

essentially chemical initiators, this type of initiators acting

rapidly and under normal temperature and pressure con-
ditions on the diazonium salt derivative in order to allow
it to form radicals. Such initiators generally have an
oxidation-reduction potential which is less than the
potential for reducing the diazonium salt derivative used
under the reaction conditions. Depending on the nature
of the diazonium salt derivative, it may also for example
be a reducing metal, such as iron, zinc, nickel; a metal-
locene; an organic reducing agent such as hypophospho-
rous acid (H,PO,) or ascorbic acid; an organic or inor-
ganic base in sufficient proportions so as to allow
destabilization of the diazonium salt derivative. Advan-
tageously, the reducing metal used as a chemical initia-
tor appears in a finely divided form, such as metal wool
(also more commonly called metal “flake”) or metal
filings. Generally, when an organic or inorganic base is
used as a chemical initiator, a pH greater than or equal to
4 is generally sufficient. Structures of the radical reser-
voir type, such as polymeric matrices irradiated before-
hand with an electron beam or with a heavy ion beam
and/or by the whole of the irradiation means mentioned
earlier, may also be used as chemical initiators for desta-
bilizing the diazonium salt derivative and leading to the
formation of radical entities from the latter.

The grafting step of the method according to the present
invention is notably applied at a temperature of less than 50°
C., in particular less than 40° C. and more particularly less
than 30° C. Advantageously, the temperature during the graft-
ing step is room temperature.

During the grafting step of the method according to the
present invention, the carbon nanotubes are present in the
solution S, in an amount comprised between 1.10~> and 1 g/L,
notably between 1.10™* and 1.107' g/L and, in particular
between 1.107 and 5.10~% g/L of solution S,.

During the grafting step of the method according to the
present invention, the solution S, may comprise a single dia-
zonium salt derivative or a mixture of at least two, notably of
at least three and even at least four different diazonium salt
derivatives. The amount of diazonium salt derivative(s) in the
solution S, is comprised between 1.1077 and 1.10~* M, nota-
bly between 1.107° and 1.1072 M and, in particular between
1.107° and 1.107> M.

The grafting step according to the method of the present
invention may be stopped before all the radical entities
derived from the diazonium salt derivatives have preferen-
tially bound to the m-SWNTs. One skilled in the art is aware
of'various techniques allowing the grafting step to be stopped
and will be able to determine the most suitable technique
depending on the diazonium salt derivative applied in the
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grafting step. As an example of such techniques, mention may
be made of a change in pH of the solution S, notably by
adding an acid solution thereto (for example, acid water with
a pH of less than 3) or removal of the diazonium salt deriva-
tives present in the solution S, (for example by precipitation
or by complexation).

For this purpose, an alternative of the diazoic coupling
reaction used for more than 100 years for making coloring
agents, may be used. In this technique, optionally substituted
naphthol is added to a solution S, and it seems that the latter
binds to the terminal nitrogen of the diazonium salt derivative
and of the optionally present diazonium via a carbon of the
naphthalene ring close to the hydroxyl so as to give a colored
compound. The optionally substituted naphthol is used in the
solution S, at a concentration comprised between 0.1 and 100
mM and notably between 1 and 10 mM.

More particularly, the method of the present invention
comprises the successive steps consisting of:

a) putting a solution S; comprising a mixture of m-SWNTs
and of sc-SWNTs in contact with at least one diazonium salt
derivative;

b) reacting, by radical chemical grafting, said diazonium
salt derivative on said mixture of m-SWNTs and of
sc-SWNTs according to the grafting step as defined earlier;

¢) optionally, purifying the grafted m-SWNTs and/or the
sc-SWNTs.

In other terms, the method of the present invention com-
prises the following steps consisting of:

a) putting a solution S; comprising a mixture of m-SWNTs
and of sc-SWNTs in contact with at least one diazonium salt
derivative;

b) grafting, via radical chemical grafting, said diazonium
salt derivative on said mixture of m-SWNTs and of
sc-SWNTs according to the grafting step as defined earlier so
as to obtain a mixture of grafted m-SWNTs and of non-
grafted sc-SWNTs;

¢) optionally, purifying the grafted m-SWNTs and/or the
non-grafted sc-SWNTs on the basis of differential chemical
and/or physical properties caused by said grafting.

As explained earlier, the separation method according to
the present invention includes a method allowing m-SWNTs
to be distinguished from the sc-SWNTs in a same mixture.
For this reason in the method according to the invention, the
purification step (c) is optional.

The m-SWNT/sc-SWNT ratio in the mixture of carbon
nanotubes applied during step (a) of the method according to
the invention is variable and may notably depend on the
conditions used during the preparation of these nanotubes.

During step (a) of the method according to the invention,
the SWNT nanotubes are typically present in the solution S;,
in an amount comprised between 1.107> and 1 g/L, notably
between 1.107* and 1.10™* g/L and, in particular between
1.107% and 5.1072 g/L of solution S,.

Advantageously, the solution S; contains as a solvent, a
polar solvent, preferably a protic solvent as defined earlier.

Further, the solution S; may further comprise a dispersant.
Such an agent allows solubilization of the mixture of carbon
nanotubes applied within the scope of the present invention
and its maintenance as a stable suspension. By “stable sus-
pension”, is meant within the scope of the present invention a
suspension in which the nanotubes do not settle or very little
visibly and remain in suspension for a few minutes, for a few
hours, for several days or even for several weeks.

Any dispersant known to one skilled in the art may be used
within the scope of the solution S; and notably any agent
known for dispersing lipids or proteins in aqueous solutions.
The international application WO 03/006725 [16] describes
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dispersants used for preparing stable solutions of nanotubes.
Advantageously, the dispersant applied within the scope of
the present invention is selected from the group consisting of
natural or synthetic surfactants and detergents. More particu-
larly, the dispersant applied within the scope of the present
invention is selected from the group consisting of poloxamers
such as poloxamer F127 and sorbitol polyoxyethylene esters
such as those marketed under the brand of TWEEN® or
EMASOL™,

The dispersant is present in the solution S; in an amount
comprised between 0.1 and 10%, notably between 0.5 and 7%
and in particular between 1 and 4% by mass based on the mass
of solution S;.

It is clear for one skilled in the art that the solution S, in
which the grafting step is applied, may correspond to the
solution resulting from the mixture of the solution S;, which
contains the mixture of sc-SWNT and m-SWNT nanotubes,
and of'the solution S,, in which was prepared the diazonium
salt derivative. Advantageously, these three solutions contain
a same solvent, notably a same polar solvent, preferably a
protic solvent and in particular, distilled water.

During the step (a) of the method according to the inven-
tion, the amounts of solution S, containing the nanotubes and
of'solution S1 containing the diazonium salt derivative, used,
are variable. One skilled in the art will be able to determine
without any inventive effort, the amounts to be applied of each
of these solutions notably according to the amount of nano-
tubes in the solution S and to the concentration of diazonium
salt derivative in the solution S, . Advantageously, the solution
Sy/solution S, ratio is comprised between 99/1 and 1/99,
notably between 95/5 and 5/95 and in particular between
90/10 and 10/90.

The step (a) of the method according to present invention is
notably applied at a temperature of less than 50° C., in par-
ticular less than 40° C. and, more particularly, of less than 30°
C. Advantageously, the step (a) of the method according to the
present invention is carried out at room temperature.

It is possible to use the mixture obtained after the grafting
step i.e. after step (b) of the method according to the inven-
tion, as such.

Indeed, following the grafting step of the method accord-
ing to the invention, the chemical and/or physical properties
of the m-SWNTs may be modified by reaction with the dia-
zonium salt derivatives, while the sc-SWNTs are preserved
by means of the selectivity and specificity of said grafting.
Also, the mixture of grafted m-SWNTs and of sc-SWNTs
may be considered as a source of “pure” sc-SWNTs. Such a
mixture may therefore be used in electronic devices and nota-
bly in the making of transistors.

Step (c) of the method according to the present invention
aims at using the selectivity and specificity of the grafting of
the diazonium salt derivative on the m-SWNTs and the dif-
ferential chemical and/or physical properties caused by said
grafting. The step (c) of the method according to the present
invention may apply at least one technique selected from
separation techniques based on chemical affinity, on filtra-
tion, on centrifugation, on electrophoresis and/or on chroma-
tography.

The separation methods known in the state of the art and
notably the method described in patent application JP 2007
031238 [12] using the coupling of metal nanoparticles with
the aryl entities of the aryl diazonium salt derivative grafted
on the nanotubes may also be used during step (c) of the
method of the invention.

Also, by wisely selecting the structure of the diazonium
salt and incidentally of that of the diazonium salt derivative
implemented in the invention, it is possible to contemplate
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having a structure which directly bears a charge which may be
used with view to separation by ion exchange chromatogra-
phy or which bears a group G, capable of complexing with or
having affinity for another group G,, said group G, being able
to be grafted on one column.

It is also possible, during the grafting step to add to the
solution S,, monomeric, organic species, polymerizable via a
radical route, capable of forming a polymer under radical
conditions from derivatives grafted on the m-SWNTs. Typi-
cally, these are molecules including at least one bond of the
ethylene type. Following this polymerisation, the nanotubes
without any polymeri.e. the sc-SWNTs, may be precipitated.

Finally, the experimental part proposes a method for sepa-
rating grafted m-SWNTs and sc-SWNTs. This method is
based on a reduction by tin dichloride of the grafted NO,
groups on the m-SWNTs.

Prior to the step (a) of the method according to the inven-
tion and subsequently to their preparation, the carbon nano-
tubes may undergo a treatment notably for removing the
metal catalyst particles and the carbon used during this prepa-
ration. Thus, any technique known to one skilled in the art
allowing such purification may be used within the scope of
the present invention.

As examples of purification methods which may be used,
the method hereafter allows carbon nanotube suspensions to
be obtained with good quality or even higher quality than that
of'suspensions prepared by these techniques of the state of the
art. This method comprises a treatment of the sc-SWNT and
m-SWNT mixture with nitric acid and size-exclusion chro-
matography of the mixture of sc-SWNTs and of m-SWNTs
following the treatment with nitric acid. It is also possible to
apply an ultrasonic treatment before, during and/or after
exposure to nitric acid.

More particularly, the method for treating SWNTs prior to
the separation method according to the invention, comprises
the successive steps consisting of:

i') putting a suspension of a mixture of m-SWNTs and
sc-SWNTs in contact with a solution containing nitric acid;

ii') heating the solution obtained in step (i') and then cool-
ing it;

iii') filtering the solution obtained in step (ii') and suspend-
ing the filtrate in a solution with a basic pH;

iv') filtering the suspension obtained in step (iii') and sus-
pending the filtrate in a solution containing a dispersant as
defined earlier;

v') subjecting the solution obtained in step (iv') to size-
exclusion chromatography.

The preparation of the different suspensions applied in this
method and step (ii') are subject to stirring. Any mechanical
technique allowing dispersion and suspension of the carbon
nanotubes may be used for this purpose. As examples of such
techniques, manual stirring, treatment with ultrasound,
mechanical stirring or a combination of such techniques may
be mentioned. These techniques may require the use of a
magnetic stirrer and of a magnetized bar or an ultrasonic bath
or of a mechanical stirrer with rods, vanes, propellers, etc.
These mechanical stirring techniques with view to dispersion
may last for 1 to 30 min, notably from 2 to 15 min. It is also
possible to heat the medium, typically around 80° C. The
application of ultrasonic and heating treatment cycles, for
example 5 to 20 cycles, preferably 10, over a period from 12
to 36 h, preferably 24 h, gives the possibility of obtaining
highly satisfactory dispersions.

During step (1), the solution containing nitric acid typically
comprises as a solvent, a protic solvent as defined earlier.
Nitric acid is generally present in this solution in an amount
comprised between 20 and 70%, notably between 30 and
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60%, in particular, between 40 and 50% and, more particu-
larly of the order of 45% (i.e. 45%=+3%). The suspension of
nanotubes is advantageously prepared in a solution compris-
ing, as a solvent, a protic solvent as defined earlier. Further,
the amount of nanotubes in the solution is comprised between
0.5 and 100 g/L, notably between 0.5 and 50 g/LL and, in
particular of the order of 1 g/L. of suspension (i.e. 1 g/[.+0.5
g/L). The volume ratio (solution containing nitric acid)/(sus-
pension of nanotubes) is typically comprised between 10/0.1
and 10/10, notably between 10/0.5 and 10/5 and, in particular
about 10/1.

Step (ii') generally first of all consists of refluxing the
mixture of nanotubes and of nitric acid. This substep lasts for
typically 1 hto 12 h, notably from 2 h to 6 h and, in particular
of'the order of 4 h (i.e. 4 h+30 min). Any technique known to
one skilled in the art giving the possibility of cooling a liquid
may beused for cooling the mixture after this heating substep.
As examples, an ice bath and/or the addition of an iced water
solution may be used.

The cooled mixture obtained after step (ii') is filtered by
any filtration technique known to one skilled in the art and,
notably, by using a filtration membrane such as a filtration
membrane in hydrophilic polypropylene advantageously
with a porosity of 0.45 pm. The solution of sodium hydroxide
applied in step (iii') comprises, as a solvent, a protic solvent as
defined earlier. The solution is preferably buffered to a basic
pH generally greater than 8 and advantageously greater than
10. The buffer may be made with different salts such as
sodium and potassium hydroxides and carbonates. For
example sodium hydroxide is present in this solution in an
amount comprised between 1.1072 and 10 g/L, notably
between 1.107" and 1 g/L and, in particular of the order of 0.5
g/L of solution (i.e. 0.5 g/L+0.1 g/L). The step (iii') may be
repeated several times and this as long as the filtrate is grey.

Step (iv') consists of putting the last filtrate in a solution
containing a dispersant as defined earlier. This solution gen-
erally comprises as a solvent, a protic solvent as defined
earlier. The dispersant is present in the solution in an amount
comprised between 0.1 and 10%, notably between 0.5 and 7%
and, in particular between 1 and 4% by mass based on the
mass of this solution. Before applying step (v"), it is preferable
that the solution containing the nanotubes and the dispersant
be heated to a temperature greater than 40° C., notably greater
than 50° C. and, in particular of the order of 70° C. (i.e. 70°
C.x£10° C.) and this at least twice, advantageously three times.

Any size-exclusion chromatography technique known to
one skilled in the art and any equipment suitable for this
technique may be used during step (v') of the method.

The present invention also relates to a mixture of grafted
m-SWNTs and of sc-SWNTs which may be obtained subse-
quently to step (b) of a method as defined earlier.

The present invention also relates to a kit for separating the
m-SWNTs and the sc-SWNTs contained in a mixture.

In a first alternative, such a kit notably comprises:

a) in a first compartment, a solution containing at least one
diazonium salt derivative as defined earlier,

) in a second compartment a solution containing at least
one agent capable of stopping the reaction, by radical chemi-
cal grafting, of the diazonium salt derivative on the
m-SWNTs and the sc-SWNTs.

In a second alternative of the kit according to the invention,
the latter notably comprises:

') in a first compartment, a diazonium salt as defined
earlier or one of its precursors as defined earlier;

p") in a second compartment, a compound C selected from
the group consisting of an organic acid, a sulfoxide, an alco-
hol and one of their salts, as defined earlier;
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v") in a third compartment, a solution containing at least one
agent capable of stopping the reaction, by radical chemical
grafting, of the diazonium salt derivative on the m-SWNTs
and the sc-SWNTs.

The agent capable of stopping the reaction, by radical
chemical grafting, of the diazonium salt derivative is advan-
tageously selected from pH modifiers and agents complexing
or reacting with the derivative of the diazonium salt, such as
naphthol, optionally substituted.

Both alternatives of the kit according to the invention may
comprise at least one other compartment in which will be
found at least one element selected from the group consisting
of'a mixture of m-SWNTs and of sc-SWNTs, a dispersant, a
solution which may be used for purifying the m-SWNT and
sc-SWNT mixture before the method according to the inven-
tion, a solution allowing transformation of the diazonium salt
precursor into a diazonium salt and a solution which may be
used during at least one step of the method according to the
invention.

Other characteristics and advantages of the present inven-
tion will further become apparent to one skilled in the art upon
reading the examples given below as an illustration and not as
a limitation, with reference to the appended figures.

SHORT DESCRIPTION OF THE DRAWINGS

FIG. 1 shows the time-dependent change of the reaction of
the SWNTs (Nanoledge, 18 mg/L) with BrBDT in a 2% F127
aqueous solution at 27° C. Thin lines: Spectra recorded at 15
s, 7 min, 14 min, 21 min and 28 min after mixing. Thick line:
Baseline of the complete solution.

FIG. 2 shows the determination of the heights of the peaks
for m- and sc-SWNTs at 688 and 940 nm respectively
(marked by arrows) from the spectra corrected by the baseline
of the complete reaction, in the reaction of SWNTs
(Nanoledge, 22 mg/L.) with a diazonium salt derivative (100
uM) obtained from a nitrobenzene diazonium salt and from
dimethylsulfoxide in a 2% F127 aqueous solution at 27° C.

FIG. 3 shows the determination of the M vs. SC selectivity
in the reaction of BrBDT (5 mM) with the SWNTs (57 mg/L)
ina2% F127 aqueous solution. The relative height of the peak
at 940 nm (sc-SWNT) is illustrated as a function of the rela-
tive height of the peak at 688 nm (m-SWNT). The selectivity
is defined as the reciprocal of the slope (2.8 in the present
case).

FIG. 4 shows the stopping of the reaction and the recovery
of the functionalized SWNTs. The relative height of the
m-SWNT peak (*) and of the sc-SWNT peak (o) is illustrated
versus time during the reaction of SWNTs (18 mg/LL) with
BrBDT (1 mM) in a 2% F127 aqueous solution (800 pL).
After 45 min (dotted line), 80 uL. of a 50 mM solution of
2-naphthol are added and then 2.4 mL. of ethanol. The solu-
tion is filtered and the residue is suspended in 800 pul, ofa 2%
F127 aqueous solution (relative heights of the peaks marked
with a square).

FIG. 5 shows a comparison of the selectivity M vs. Sc in the
reaction of SWNT's with a diazonium salt or a diazonium salt
derivative. The relative height of the peak at 940 nm is illus-
trated as a function of the relative height of the peak at 688
nm. In FIG. 5A, the SWNTs (21 mg/L) are incubated either
with 100 uM of NO,BDT ([), or with 100 uM of NO,BDT
pre-incubated with 50 mM of trifluoroacetic acid for 1, 10 or
30 min (*, @, o respectively). In FIG. 5B, the SWNTs (12
mg/L) are either incubated with 5 mM of BrBDT (< ), or with
5 mM of BrBDT in the presence of 500 mM of ammonium
acetate (*).
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FIG. 6 shows a representation in the form of histograms of
the selectivity M vs. Sc in the SWNT reaction either with
diazonium salt (grey rectangles), or with diazonium salt
derivatives (black rectangles). The SWNTs have reacted in a
2% F127 aqueous solution, either with a diazonium salt
alone, or with a diazonium salt and an acid compound with or
without incubation, as described in columns 1 to 5 of Table 1.
The selectivity is calculated as described in FIG. 3, with the
line adjustment parameters as given in column 7 and 8 of
Table 1 hereafter.

FIG. 7 shows the separation of the m-SWNTs and of the
sc-SWNTs. FIGS. 7A and 7B are absorption spectra (absorp-
tion vs. the wavelength in nm) of the fractions of SWNT after
enrichment in sc-SWNT: supernatant (FIG. 7A) and sediment
(FIG.7B). The baselines for the peaks of m-SWNT's (600-700
nm) and of sc-SWNTs (750-1200 nm) are illustrated as bro-
ken lines. FIG. 7C shows the absorption peaks of the SWNTs
depending on the energy of the incident light (eV) for the
supernatant fractions (broken line) and the sediment (solid
line). The baseline obtained from the spectra of FIGS. 7A and
7B is subtracted from the spectra of the peaks and the
obtained curve is illustrated thus as the energy of the incident
light. The area under the curve is calculated for each peak and
the curves are re-normalized by the area of the m-SWNT peak
(1.7-2.05 eV). The ratios of the sc-SWNT/m-SWNT peaks
are of 40 and 64 for the supernatant and for the sediment,
respectively.

DETAILED DESCRIPTION OF CERTAIN
ILLUSTRATIVE EMBODIMENTS

1. Preparation of the SWNT Solution.

The single wall carbon nanotubes (SWNT) are purified by
treatment with nitric acid in order to remove the metal catalyst
particles and amorphous carbon, and then by size-exclusion
chromatography for removing the remaining amorphous car-
bon particles. 100 mg of crude SWNTs (purchased from
Nanoledge, France) are suspended in 10 mL of pure water by
treatment with the ultrasonic bath (80 W, 45 kHz, maximum
power) for 30 min. The suspension is diluted in a mixture of
70 mL of nitric acid concentrated to 65% and of 30 mL of pure
water. The whole is refluxed for 4 h under magnetic stirring.
The suspension was then cooled in an ice bath, diluted by
adding 110 mL of pure iced water and then filtered in vacuo
over a filtration membrane in hydrophilic polypropylene with
a porosity of 0.45 um (PALL membranes, USA). The filtra-
tion residue is re-suspended in a solution of sodium hydrox-
ide (100 mg of NaOH in 200 mL. of pure water) by a 2 min
treatment in an ultrasonic bath (same conditions as above)
and then again filtered (same conditions as above). The resi-
due is rinsed with the sodium hydroxide solution as long as
the filtrate is grey and it is then rinsed with a small amount of
pure water and stored in the humid state in a closed container.

One quarter of the black residue is suspended in 20 mL of
F127 poloxamer solution (2% by mass in pure water), and
treated with 3 heating cycles at 70° C. followed by 10 min in
the ultrasonic bath. The solution is then purified by size-
exclusion chromatography on a Sephacryl S-400 column (GE
Healthcare, France) with a diameter of 4 cm and a height of
2.5 cm. The SWNTs are eluted with a 2% F127 solution in
pure water heated to 50° C. The fractions of the first dark peak
are collected and used as a stock solution of SWNTs.

The concentration and the purity of the SWNT solutions
are tested by absorption spectroscopy. The concentration is
determined by the mass absorption coefficient & (940
nm)=19.1 L-g*-cm”. The purity is estimated from the ratio of
the height of the peak at 940 nm (determined according to the
procedure described in the following paragraph) and the
absorbance at 940 nm. This ratio is greater than or equal to 0.4
for good purity.
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Certain nanotubes have undergone pre-treatment. The lat-
ter consists of subjecting the carbon nanotubes to ultrasound
in solution in concentrated nitric acid. It was able to be carried
out on the SWNTs before and after purification. The nitric
acid concentration varied from 30% to 65% in water. The
optimal duration of exposure to ultrasound depends on the
power of the ultrasonic bath used and on the concentration of
nitric acid. The following example gives typical conditions:

Crude SWNTs (9.4 mg: source: Nanoledge, diameters 1.2-
1.4 nm) were dissolved in 10 mL of concentrated nitric acid
(65% in water) and then placed in an ultrasonic bath (80 W, 45
kHz, maximum power) for 20 min. The treatment may be
activated by adding iron wool (20 mg), iron wool is then
removed after exposure to ultrasound by means of a magnetic
bar. Distilled water (15 mL) was then added and the suspen-
sion was filtered in vacuo over a PTFE (polytetrafiuoroethyl-
ene) filter with a porosity of 0.2 pm wetted beforehand with
ethanol. The residue was rinsed three times with 20 mL of
distilled water and the black filter was kept humid. The nano-
tubes were then treated with reflux in nitric acid and exclusion
chromatography was carried out.

2. Tracking by Absorption Spectroscopy of the Reaction of
the SWNTs with the Diazonium Salt Derivative

The diazonium salts used are nitrobenzenediazonium tet-
rafluoroborate  (NO,BDT) bromobenzenediazonium tet-
rafluoroborate (BrBDT) and methoxybenzenediazonium tet-
rafluoroborate (MeOBDT). The acids used for forming a
diazonium salt derivative are acetic acid, ammonium acetate,
trifluoroacetic acid, paratoluenesulfonic acid, lactic acid, pro-
pylphosphonic acid, and oxalic acid. The dimethylsulfoxide
(DMSO) was used as a sulfoxide and methanol and ethanol as
alcohols. The control compounds are hydrochloric acid and
sodium hydrogen carbonate.

The reaction of the SWNTs with diazonium is tracked in a
quartz tank by absorption spectroscopy, for wavelengths
between 320 and 1,250 nm.

The diazonium salt is dissolved in pure water at a concen-
tration of 10 times the desired concentration. The acid, the
sulfoxide or the alcohol are added in excess by at least 50 and
the solution is left for preincubation for 10 min at room
temperature for allowing the complete formation of the dia-
zonium salt derivative. Finally, 80 pl. of the solution are
added in the quartz tank into 720 plL of SWNT solution with
2% F127 in pure water (usually 24 mg/L. of SWNT, i.e. 2 mM
of SWNT carbon atoms). The absorption spectra of the solu-
tion are recorded for 2 h.

In a control experiment, an SWNT solution sample is put
into contact with a large amount of nitrobenzenediazonium
tetrafluoroborate until the characteristic peaks of the SWNTs
disappear from the absorption spectra. The reaction is
stopped by adding naphthol (80 uLlL of a naphthol solution at
50 mM in an aqueous 2% F127 solution) and incubated for 10
min. The solution is then poured into 10 mL of ethanol in
order to precipitate the SWNTs, filtered under vacuum over a
polytetrafluoroethylene membrane with a porosity of 0.2 pm
and rinsed with ethanol and pure water. The residue is taken
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up in 800 pulL of'a 2% F127 aqueous solution and treated with
anultrasonic bath (80 W, 10 min). The absorption spectrum of
these SWNTs after complete reaction is then used as a “back-
ground spectrum” of the SWNTs and deducted from the
spectra for measuring the height of the peaks.

The height of the peaks is determined from the spectra for
which the background spectrum of the SWNTs was deducted.
A baseline tangent to this curve at the low points adjacent to
the peak to be measured is plotted, as shown in FIG. 2, in order
to take into account the drifting of the background during the
reaction. The height of the peak is measured as the difference
between the curve and the tangent line at the maximum
absorption wavelength (940 nm for semiconductors, 688 nm
for metals), the relative height of the peak at time t being the
height of the peak at t divided by the height of the initial peak.

The selectivity of the reaction is defined on the graph of the
relative height of the peak of the semiconductor nanotubes (at
940 nm) plotted vs. the relative height of the peak of the metal
nanotubes (at 688 nm), as shown in FIG. 3. This graph gives
a line independent of the SWNT and diazonium concentra-
tion and the reciprocal of the slope thereof'is the selectivity. It
ranges from 2 to 4 in the case of the reaction of aryl diazonium
tetrafluoroborate with the SWNTs (MeOBDT, BrBDT,
NO,BDT).

The reaction may be stopped by adding an excess of naph-
thol (typically a 100 pL. of a 50 mM naphthol solution with
2% F127 in water) and the diazonium salt and the diazonium
salt derivative are removed by precipitation of the SWNT by
adding 2 volumes of ethanol and by filtration under vacuum.
Therelative height of the peaks is preserved after the stopping
reaction and the filtration (FIG. 4, data surrounded by
squares).

3. Selectivity of the Reaction of the SWNTs with the Dia-
zonium Salt Derivatives.

Upon comparing the reaction of the diazonium salt with
that of the derivatives of the corresponding diazonium salt
with the SWNTs, the selectivity M vs. SC radically changes,
as shown in FIG. 5. The plots of FIG. 5 show a decrease in the
sc-SWNT peak as a function of the decrease in the m-SWNT
peak. In graph A, the NO,BDT reaction ([]J) is compared with
the reaction of the diazonium salt derivative obtained from
trifluoroacetic acid and from nitrobenzenediazonium (*, @
and o), the selectivity being improved by a factor of 3 in the
case of the diazonium salt derivative. In graph B, the BrBDT
reaction () is compared with the reaction of the diazonium
salt derivative obtained from acetic acid and bromobenzene-
diazonium (*) with the same improvement in selectivity.

A series of acid compounds was tested and the measured
selectivities are copied into Table 1 hereafter and in FIG. 6. As
compared with the reactivity of diazonium salts, the selectiv-
ity of the diazonium salt derivatives towards the m-SWNTs is
increased by a factor from 2 to 4, which allows selective
separation.

The SWNTs having undergone a pre-treatment have a
selectivity of 6.6 and 8.4 (without or with activation by iron
wool respectively) after reaction with 2 mM Br-BDT and 500
mM ammonium acetate.

TABLE 1
1 4 5 7 8
Compound used 2 3 Diazonium NT Curve fitting parameters
for preparing Diazonium Incubation concentration  concentration 6 Number of  Correlation
the derivative compound (min) (mM) (mg/1) Selectivity fitted points coefficient R
— BrBDT 1 21 2.86 11 0.997
2 21 2.96 6 0.996
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TABLE 1-continued
1 4 5 7 8
Compound used 2 3 Diazonium NT Curve fitting parameters
for preparing Diazonium Incubation concentration  concentration 6 Number of  Correlation
the derivative compound (min) (mM) (mg/l) Selectivity fitted points coefficient R
5 5 3.48 6 0.994
5 10 343 6 0.994
5 15 3.25 7 0.997
5 21 3.18 7 0.997
10 21 3.16 7 0.993
10 21 3.06 6 0.997
Average: 3.2 0.2
Ammonium acetate BrBDT — 1 21 7.49 29 0.979
0.5M 2 21 8.31 16 0.991
5 5 8.11 8 0.93
5 10 9.64 9 0.98
5 21 7.63 26 0.97
10 21 8.51 10 0.996
Average: 8.3 = 0.8
Ethanol 1% BrBDT 3 2 14 6.3 43 0.990
— NO,BDT — 0.1 21 3.83 14 0.994
0.5 21 3.62 5 0.994
Average: 3.7 0.2
HCI 50 mM NO,BDT 30’ 0.1 13 3.8 29 0.96
NaHCO; 50 mM NO,BDT 10’ 0.1 13 3.9 12
MeOH 10% NO,BDT — 0.1 18 11.7 25
Ammonium acetate ~ NO,BDT — 0.1 21 7.1 8 0.95
0.5M 0.2 21 15.6 8 0.97
0.2 10 11.6 8 0.93
1 10 12.7 3 0.81
Average: 12 £ 3
Acetic acid NO,BDT — 0.1 21 9.5 29 0.97
0.43M
Oxalic acid 50 mM ~ NO,BDT 10’ 0.1 13 6.4 60 0.96
Lactic acid NO,BDT — 0.1 21 12.2 30 0.97
0.37M 5 0.1 21 11.8 30 0.98
10’ 0.1 13 7.16 50 0.88
Average: 10 =3
CF;COOH NO,BDT 10’ 0.1 13 10.8 19 0.92
50 mM 20’ 0.1 13 7.0 10 0.88
1 0.1 21 10.4 20 0.95
10’ 0.1 21 11.0 30 0.92
30’ 0.1 21 8.8 20 0.97
10’ 0.1 52 6.7 7 0.990
Average: 89 = 1.8
Paratoluene 0.1M NO,BDT — 0.05 21 6.6 30 0.87
Sulfonic acid 10’ 0.1 21 7 25 0.8
0.2M
Methoxyacetic NO,BDT 10 0.1 21 7.9 30 0.97
acid 0.5M
Dimethyl- NO,BDT 30’ 0.1 21 12.8 60 0.96
sulfoxide 0.35M +
HCl 0.12M
Propylphosphonic NO,BDT 15 0.1 24 74 30 0.98
acid 40 mM

4. Preparation and Separation of Metal and Semi-Conduct- 50
ing SWNTs

A solution of 1 mM nitrobenzenediazonium tetrafluorobo-
rate and of 0.5 M trifluoroacetic acid and of 2% F127 in pure
water is prepared and incubated at room temperature for 10
min. 1.9 mL of this mixture is added to 17 mL of aqueous 55
solution of SWNTs at 24 mg/[L and 2% F127 and the whole is
maintained under magnetic stirring for one hour at room
temperature. 2 mL of an aqueous solution with 50 mM naph-
thol and 2% F127 are added and after 10 min of incubation,
the mixture is precipitated by adding 40 mL of ethanol, is 60
filtered under vacuum (a tetrafluoroethylene filter with a
porosity of 0.45 um). The residue is rinsed with ethanol and
with pure water.

Half of the residue is dissolved in 10 mL of concentrated
hydrochloric acid solution (35%) by treatment in an ultra- 65
sonic bath for 10 min (80 W, 45 kHz). The mixture is brought
to boiling, 20 mg of tin dichloride (II) are added and reflux is

maintained for 2 h. The mixture is cooled on an ice bath and
hydrolyzed by adding a solution of 4 g of sodium hydroxide
in 10 mL of water. 20 mL of ethanol are added in order to
precipitate the SWNTs and the whole is filtered under
vacuum on a polytetrafluoroethylene filter with a porosity of
0.2 um and then rinsed with ethanol and water.

The residue is dissolved in 10 mL of a 2% F127 aqueous
solution in the ultrasonic bath. The suspension is then centri-
fuged for 20 min at 1,000 g. The supernatant is separated and
the sediment is rinsed twice with a 2% F127 aqueous solution.
Therinsed sediment is dissolved in 10 mL of this solution and
the absorption spectra of the supernatant and of the sediment
are measured and compared (FIG. 7).

As shown from the peaks and subsequent to the subtraction
of the background spectrum, the supernatant is enriched in
m-SWNT and the sediment in sc-SWNT. Indeed, the sc-
SWNT peak/m-SWNT peak ratio is 40 in the supernatant and
64 in the sediment.
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By means of the selective reactivity of the diazonium salt
derivatives with the m-SWNTs rather than with the
sc-SWNTs, a fraction enriched in sc-SWNT may be isolated.
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What is claimed is:

1. A method for separating metal carbon nanotubes with a
single graphene layer (m-SWNT) and semiconductor nano-
tubes with a single graphene layer (sc-SWNT) comprising:

grafting a diazonium salt derivative on a mixture of

m-SWNTs and of sc-SWNTs so as to obtain a mixture of
grafted m-SWNTs and of non-grafted sc-SWNTs,
whereby the grafted m-SWNTs and the non-grafted sc-
SWNTs separate because of differential chemical and/or
physical properties caused by said grafting wherein said
diazonium salt derivative is a diazoester having a for-
mula comprising a —N,—O—C(O)— structural ele-
ment.

2. The method according to claim 1, wherein said grafting
is radical chemical grafting.

3. The method according to claim 1, wherein said nano-
tubes have alength comprised between 10 nm and 400 pm and
a diameter comprised between 0.2 and 6 nm.

4. The method according to claim 1, wherein said diazo-
nium salt is an aryl diazonium salt.

5. The method according to claim 4, wherein said aryl
diazonium salt is of formula (I):

Rg—N," A o

wherein:

A represents a monovalent anion and
R represents an aryl group.

6. The method according to claim 5, wherein said aryl
group is a mono- or poly-cyclic, aromatic or heteroaromatic
group, optionally substituted, having from 6 to 20 carbon
atoms.

7. The method according to claim 5, wherein A is selected
from the group consisting of halides, halogenoborates, per-
chlorates, sulfonates, alcoholates and carboxylates.

8. The method according to claim 2, wherein said reaction
by radical chemical grafting consists of subjecting, in the
presence of said carbon nanotubes, the diazonium salt deriva-
tive to non-electrochemical conditions allowing the forma-
tion of at least one radical entity from said derivative.

9. The method according to claim 8, wherein said non-
electrochemical conditions are selected from the group con-
sisting of thermal, kinetic, chemical, photochemical, radio-
chemical conditions and their combinations.

10. The method according to claim 1, wherein it comprises
the successive steps of:

a) putting a solution S; comprising a mixture of m-SWNTs
and sc-SWNTs in contact with at least one diazonium
salt derivative;

b) grafting, by radical chemical lasting said diazonium salt
derivative on said mixture of m-SWNTs and sc-SWNTs
according to the grafting step as defined in claim 8 or 9,
so as to obtain a mixture of grafted m-SWNTs and of
non-grafted sc-SWNTs; and

c¢) optionally purifying the grafted m-SWNTs and/or the
non-grafted sc-SWNTs on the basis of differential
chemical and/or physical properties caused by said
grafting.

11. The method according to claim 10, wherein, prior to
said step (a), the SWNTs undergo a treatment comprising the
successive steps of:

i') putting a suspension of a mixture of m-SWNTs and
sc-SWNTs in contact with a solution containing nitric
acid;

ii') heating the solution obtained in step (i') and then cool-
ing it;

iii") filtering the solution obtained in step (ii') and suspend-
ing the filtrate in a solution with a basic pH;
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iv') filtering the suspension obtained in step (iii') and sus-
pending the filtrate in a solution containing a dispersant;
and

v') subjecting the solution obtained in step (iv') to size
exclusion chromatography.

12. The method according to claim 10, wherein said solu-

tion S; contains as a solvent, a protic solvent.

13. The method according to claim 10, wherein said solu-
tion S; further comprises a dispersant.

14. The method according to claim 10, wherein said step
(c) applies at least one technique selected from separation
techniques based on chemical affinity, on filtration, on cen-
trifugation, on electrophoresis and/or on chromatography.

15. A kit for separating m-SWNTs and sc-SWNTs con-
tained in a mixture comprising:

) in a first compartment, a solution containing at least one

diazonium salt derivative as defined in claim 1,

) in a second compartment, a solution containing at least
one agent which may stop the reaction, by radical chemi-
cal grafting, of the diazonium salt derivative on the
m-SWNTs and sc-SWNTs.
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16. A kit for separating m-SWNTs and sc-SWNTs con-
tained in a mixture comprising:

a')in a first compartment, a solution containing at least one
diazonium salt as defined in claim 4, or one of its pre-
cursors;

p") in a second compartment, a compound C selected from
the group consisting of an organic acid, a sulfoxide, an
alcohol and one of their salts;

v") in a third compartment, a solution containing at least one
agent which may stop the reaction, by radical chemical
grafting, of the diazonium salt derivative on the
m-SWNTs and sc-SWNTs.

17. The method according to claim 5, wherein said aryl
group is a mono- or poly-cyclic, aromatic or heteroaromatic
group, optionally substituted, having from 6 to 14 carbon
atoms.

18. The method according to claim 5, wherein said aryl
group is a mono- or poly-cyclic, aromatic or heteroaromatic
group, optionally substituted, having from 6 to 8 carbon

20 atoms.



